Body condition directly affects survival and reproduction by animals, so its effects on fitness represent an important component of animal ecology. Traditionally, ecologists have relied on direct chemical analysis or morphometric indices to assess body condition. We examined the ability of morphometric indices and bioelectrical impedance analysis to estimate body condition of raccoons (Procyon lotor) and assessed the need for species-specific models. Morphological indices were poor estimators of body condition; the best model explained 62% of the variation of fat and had a high SE (r 2 ¼ 0.62, SE ¼ 0.52, P , 0.001). Bioelectrical impedance analysis proved to be a reliable way to noninvasively estimate body condition. Models for lean dry mass and total body water were used to accurately estimate body fat (r 2 ¼ 0.94, SE ¼ 0.16, P , 0.001). Body fat estimates derived through models for a similar species performed better than morphometric indices but did not achieve the accuracy of the species-specific model. Examination of our data highlights the need to validate models used to estimate body condition before use.
The ability to acquire and store energy reserves is a basic ability of many animal species. Understanding nutritional condition and how it relates to demographic processes is an important component of animal ecology (Virgl and Messier 1992) . In general, and for mammals in particular, individuals with greater energy reserves enjoy higher rates of survival, reproduction, and ultimately higher fitness (Hodges et al. 1999; Millar and Hickling 1990; Milner et al. 2003) . Many ecological parameters may influence body condition, including food availability, weather, and space use (Millar and Hickling 1990; Revilla and Palomares 2002; Winstanley et al. 1999) . Several other inherent qualities also may influence condition, such as the ability to defend territories, store body fat, or select favorable den sites. The capability to accurately estimate body condition may allow us to combine these variables into a single metric (Speakman 2001) ; however, determining body condition of individuals repetitively in wild populations has been a challenge for ecologists that has never been adequately addressed (Green 2001) .
For our purposes, body composition is defined as the ingestafree components of water, protein, ash, mineral, or a combination of these, of an individual (Robbins 1993) ; whereas body condition refers to an animal's energetic state and is a measure of the variation of body fat reserves (Shulte-Hostedde et al. 2005; Speakman 2001 ). Several methods have been used to assess body condition of wild animals, generally falling into 2 categories: direct and indirect measures (Speakman 2001) .
Direct analysis quantifies the amount of stored lipids and lean dry mass by chemically extracting fats from a ground homogenate that has been dried to remove body water (Reynolds and Kunz 2001) . Direct analysis of whole carcasses is the most accurate means of assessing body composition (Speakman 2001) ; however, this method is time consuming, expensive, and inappropriate when populations are too small to warrant such analysis. Furthermore, because direct analysis requires destruction of the individual, it eliminates the possibility of longitudinal studies and precludes researchers from relating current condition to future fitness performance. Alternatively, several nondestructive or indirect methods of estimating body condition also have been developed.
Morphometric condition indices based on a metric of structural size and mass have been commonly used as a means of nondestructively assessing body condition. The underlying assumption is that the mass of an animal, once corrected for structural size, should reflect the relative condition of the animal over time (Jakob et al. 1996) . These morphometric indices are used commonly even though there has been little direct evaluation that they provide meaningful estimates of body condition (Green 2001) . Three morphometric indices (and slight modifications thereof) are generally used to indirectly assess body condition: the ratio index, slope-adjusted ratio index, and residual index (Hwang et al. 2005; Jakob et al. 1996; Krebs and Singleton 1993) . To ensure that these methods provide meaningful estimates, their accuracy and precision need to be examined. However, validation of morphometric indices has rarely been undertaken, especially for carnivores (Huot et al. 1995) .
Measurement of electrical conductivity has become recognized as a quick, nondestructive, and inexpensive means of estimating body condition in mammals (Speakman 2001) . Bioelectrical impedance analysis relies on the properties of biological tissues and their varying electrical properties (Kushner 1992 ). An impedance plethysmograph (often called bioelectrical impedance analysis machine) is used to measure the resistance of tissue to a low-level alternating current, which reflects body water and lean dry mass. The general principle of bioelectrical impedance analysis is that the impedance of a geometrical isotropic conductor is related to its length and shape given a constant signal frequency (Kushner 1992) . However, the relationship between impedance, length, and shape of the conductor cannot be calculated, but must be empirically derived if the conductor being tested is a live body composed of multiple, heterogeneously dispersed tissues. To estimate body fat, users rely on a tight inverse relationship between total body fat and total body water. This is based on the principle that the ease at which an electrical current flows through an animal reflects water content, providing estimates for total body water and lean dry mass (Wirsing et al. 2002) . By subtracting total body water and lean dry mass from total body mass we obtain total body fat (Hall et al. 1989) . Further details of the principles and applications of bioelectrical impedance analysis are given by Kushner (1992) and Van Marken Lichtenbelt (2001) .
Raccoons (Procyon lotor) are a relatively recent invader to the Canadian prairies and parklands and undergo periods of dormancy during winter months (Larivière 2004). In preparation for winter dormancy, raccoons store large amounts of fat, which is mostly consumed by spring emergence (Mech et al. 1968) . As a consequence, raccoons at the northern edge of their distribution may experience body mass fluctuations of up to 50% (Mech et al. 1968) , which makes them good candidates for examining the usefulness of various techniques used to estimate body condition. We were interested in verifying the ability of standard condition indices to predict body condition in raccoons as well as testing the ability of bioelectrical impedance analysis to evaluate body condition.
Additionally, prediction of body condition using conductive methods is generally thought to require species-specific models rather than general morphological equations (Unangst and Wunder 2001) . The general morphological hypothesis predicts that when estimating body condition of animals that are of similar size and life history characteristics, a general morphological equation should be sufficient (Unangst and Wunder 2001) . This hypothesis stemmed originally from another conductive method of estimating body condition, total body electrical conductivity. Total body electrical conductivity measures the degree to which an animal's body alters the electromagnetic inductance of a shielded solenoid that surrounds the individual (Walsberg 1988; Wirsing et al. 2002) . Total body electrical conductivity is based on the principle that an oscillating magnetic field can detect conductivity by sensing changes in a radiating coil's impedance (Castro et al. 1990 ). One of the manufacturers of small animal composition analyzers, EM-SCAN Inc. (Springfield, Illinois), provides users with a general morphological equation developed from laboratory rats. The equation has been used for small mammals when validation and species-specific models were not derived. However, there are few studies comparing models generated for relatively similar species using conductive methods, and none that compare general morphological equations for carnivores using bioelectrical impedance analysis.
MATERIALS AND METHODS
Capture and handling.-Thirty-three raccoons (17 females and 16 males) were captured in the prairie parkland region of Manitoba, near Minnedosa (508149N, 998509W) from April to November 2003. Trapping occurred from early spring to late autumn in an effort to include a representative sample of varying levels of fat reserves (12 raccoons from April to May, 10 raccoons from June to August, and 11 raccoons from September to November). Raccoons were captured in commercial, mesh-wire live traps (30.5 Â 30.5 Â 91.5 cm; Billman Supplies, Columbus, Ohio) that were checked each morning, because raccoons are primarily nocturnal (Greenwood 1982) . To facilitate handling, captured raccoons were anesthetized using a standard dose of 20 mg of Zoletil (Virbac Laboratories, Carros, France) by an intramuscular injection to the hind leg. After anesthesia, raccoons were aged, sexed, and ear-tagged (National Band and Tag Co., Newport, Kentucky) to replicate normal handling procedures. Raccoons were weighed to the nearest gram using a Pesola spring-scale (Pesola Ag, Baar, Switzerland) to obtain total body mass.
We recorded a variety of morphological measurements (in mm), including snout-to-vent length, snout-to-tail length, chest circumference, and right hind foot length. Snout-to-vent length was measured from the tip of the snout to the vent; snout-to-tail length was measured the same as snout-to-vent length except measurement was extended to the last vertebra of the tail bone. Chest circumference was measured as the circumference of the chest immediately posterior to the anterior limbs. We measured right hind foot length as the length of the foot pad (excluding digits) using a digital caliper.
Impedance was measured using a portable plethysmograph that read from 0 to 10,000 ohms with a resolution of 1 ohm and accuracy of 60.5% (bioelectrical impedance analysis machine, model 101A; RJL Systems, Detroit, Michigan). All raccoons were placed sternally recumbent on a nonconductive surface. Electrodes were attached to the upper lip at the canines using spring clips (alligator clips) as conductors and at the base of the tail. Resistance (R c ) and reactance (X c ) values were recorded after readings stabilized and until 2 readings fell within 5% of each other, which were then averaged following Hwang et al. (2005) . After completion of the protocol, raccoons were euthanized by a cardiac injection of T-61 (0.3 ml/kg; Hoechst Animal Health, Beneflux, Belgium). Raccoons were triple wrapped with plastic and stored about 1-4 weeks frozen at À208C to prevent loss of water until ready for dissection.
Chemical analysis.-Raccoons were skinned and fat (weighed to the nearest gram) was removed by dissection. All ingested material was eviscerated from the gastrointestinal tract after dissection (Farley and Robbins 1994) . Raccoons (including viscera, dissected fat, ingesta-free carcass, and pelt) were then ground into a homogenate using an industrial meat grinder (model 84186; Hobart Inc., Troy, Ohio) and the resulting mixture used for direct chemical analysis. We used 200-g aliquot subsamples from each homogenate to determine total body water. Samples were placed in a drying oven at 908C for 7 days to ensure complete evaporation of water (Kerr et al. 1982) . Samples were then reground and a 10-g aliquot subsample was used for all further chemical analysis. Samples were placed in thimbles and lipids were extracted in a Soxhlet apparatus using petroleum ether (Dobush et al. 1985) , which left lean dry mass.
Statistical analyses.-We tested 3 condition indices: the ratio index, slope-adjusted index, and residual index. Indices were calculated as follows. The ratio index was calculated as body mass (kg) divided by body length (snout-to-vent length was used for length in all calculations of indices). Two variants of this index also were used: body mass divided by body length with body length raised to the powers of 2 and 3 to represent the pretense that mass and linear measurements increase isometrically (Cone 1989) . The slope-adjusted index was calculated by dividing body mass by body length, with body length raised to the slope of the regression of ln-transformed mass to ln-transformed length (Jakob et al. 1996) . The residual index was calculated by dividing ln-transformed body mass and ln-transformed length and then using the residuals to predict total body fat. We used ordinary least-squares linear regression to assess the ability of condition indices to predict total body fat (Schulte-Hostedde et al. 2005) .
Bioelectrical impedance analysis was used to assess whether reactance and resistance values improved on the ability of structural measurements to predict body condition. Resistance is equal to the opposition of flow to an alternating current, whereas reactance is equal to the opposition of flow to electric current caused by tissue and cell membranes (Kushner 1992) . Resistance (R s ) and reactance (X c ) values were determined by the bioelectrical impedance analysis machine. From these values, impedance (Z) can be calculated based on equation 1 with the assumption that for biological tissues the inductive reactance is near zero:
With a constant electrical signal frequency and consistent configuration, impedance is related to the volume of the conductor (Bowen et al. 1999; Kushner 1992) , meaning volume is equal to body length (L) squared divided by the impedance. Because the size of the reactance is small compared to the resistance, it has been common to substitute resistance for impedance (Bowen et al. 1999; Hwang et al. 2005; Kushner 1992 ), which gives:
We used backwards stepwise regression to generate predictive equations for total body water (TBW) and lean dry mass (LDM). Variables available for the model included snout-to-vent length (SVL), chest circumference (CC), right hind foot, total body mass (TBM), impedance, L 2 /R s , total body mass/snout-to-vent length, total body mass/snout-to-vent length 2, 3, and 2.447 , and the residual index. We used these equations to estimate total body water and lean dry mass to estimate total body fat (TBF) using:
Simple linear regression was used to compare the estimates of total body water, lean dry mass, and total body fat with those of the chemically derived values. Coefficients and SE of the estimates were used to compare predictive equations (Bowen et al. 1999 ). Akaike's information criteria (AIC) was used to examine the usefulness of all models generated to predict total body fat (Burnham and Anderson 1998) . Predictive equations developed to estimate body condition of striped skunks in Saskatchewan (Hwang et al. 2005 ) were used to predict total body water, lean dry mass, and total body fat in raccoons to determine how accurately these models could predict total body fat in a similar species inhabiting a similar environment to address if there is a need to develop species-specific models. The following equations from Hwang et al. (2005) 
Total body fat was then determined using equation 3. We compared estimates of total body fat with those of the chemically derived values using linear regression as above. This research was conducted in a humane manner and followed the guidelines for the capture, handling, and care of mammals approved by the American Society of Mammalogists (Animal Care and Use Committee 1998). All procedures were approved by the University of Saskatchewan Animal Care and Use Committee (protocol 20030024) .
RESULTS
The mass of raccoons ranged from 1.6 to 12.3 kg ( " X ¼ 6.11, SD ¼ 3.10, n ¼ 33), with body fat determined by direct chemical analysis ranging from 3% to 30%. Absolute values of body fat ranged from 0.1 to 3.0 kg ( " X ¼ 0.95, SD ¼ 0.71, n ¼ 33). Dissectible fat from whole carcasses was significantly correlated with measures from direct chemical analysis (r 2 ¼ 0.97, SE ¼ 0.16, P , 0.001). Subdermal fat accounted for 96% of all fat dissected, whereas fat dissected from around major organs accounted for about 4%.
Morphometric indices.-In general, morphometric indices were poor estimators of body condition, with the best model being the modified ratio index in which body length is raised to the power of 2. Although it was the best, this index explained only 62% of the observed variation in body fat (r 2 ¼ 0.62, SE ¼ 0.52, P , 0.001; Table 1 ). The residual index, which is one of the more popular indices for mammals (Green 2001; Schulte-Hostedde et al. 2005) , was one of the lower ranking models for raccoons (Tables 1 and 2 ). We regressed ln-transformed body mass on body length and used the slope of that line as the exponent in the slope-adjusted ratio (y ¼ À16.1 þ 2.77x), which also performed poorly in estimating fat reserves (r 2 ¼ 0.10, SE ¼ 0.37, P ¼ 0.03). The best morphometric model only carried 0.023 in Akaike weight, and all morphometric models combined carried only 0.084 (Table 2) .
Bioelectrical impedance analysis.-Total body water was estimated using backwards stepwise regression. Total body mass and bioelectrical volume (L 2 /R s ) were the best predictors of total body water (equation 6):
Predicted values for total body water from equation 6 were significantly correlated with values derived from direct chemical analysis (r 2 ¼ 0.99, SE ¼ 0.20, P , 0.001). We then followed the same procedure to develop a model for lean dry mass estimation. Bioelectrical volume, total body mass, and snout-to-vent length were the best predictors:
Predicted values obtained from equation 7 were significantly correlated with values calculated by direct chemical analysis (r 2 ¼ 0.96, SE ¼ 0.15). Total body fat was then calculated by subtracting the estimates of total body water and lean dry mass from total body mass to get total body fat using equation 3. Total body fat estimates correlated well with the values derived by direct chemical analysis (r 2 ¼ 0.94, SE ¼ 0.16, P , 0.001). Mean absolute error of this regression resulted in a mean percentage error of 6.2% (SE ¼ 1.9%). Bioelectrical volume, along with body mass and body length, were important variables in estimating total body fat and combined in the top 3 models to carry 0.77 of Akaike weight (Table 2) .
General morphological equation.-Equations 4 and 5 developed for striped skunks performed relatively well in their ability to predict total body water and lean dry mass in raccoons (Table 1) . Regression analysis explained 91% of variation observed in total body water but had a higher SE (0.34). Lean dry mass estimates were similar with r 2 ¼ 0.87 (SE ¼ 0.13). However, total body fat estimated using lean dry mass and total body water performed substantially poorer when compared to models derived specifically for raccoons (r 2 ¼ 0.69, SE ¼ 0.78, P , 0.001; see Table 1 ), but did perform better than morphometric indices. Typically, estimates provided by the skunk model overestimated total body fat in raccoons with total body fat estimates as high as 56% and total body fat averaging 36%.
DISCUSSION
There is an increasing interest in longitudinal studies relating body condition and animal ecology (Speakman 2001) . The accuracy and precision of body condition estimates are important components in assessing how this variable relates to ecological factors. Using data from raccoons across seasons and with a range of fat reserves, we demonstrated that morphological condition indices alone are unsatisfactory for estimating body condition. The best model explains only 62% of the variation observed in total body fat (Table 1) . Moreover, the residual index, one of the more popular condition indices, was among the poorest in terms of explanatory capability, had high SEs of the estimate (r 2 ¼ 0.31, SE ¼ 0.57), and ranked low in AIC model selection. Our results add to the growing body of literature suggesting that morphometric condition indices alone have a relatively low capability of predicting body condition in carnivores (Cattet 1990; Huot et al. 1995; Hwang et al. 2005; Winstanley et al. 1998) .
In contrast to the poor accuracy of indirect methods, bioelectrical impedance analysis provided a simple yet reliable estimation of total body water and lean dry mass. From bioelectrical impedance analysis, we could accurately predict total body fat in raccoons. A combination of resistance values and morphometric measurements explained 94% of the variation in observed total body fat and had relatively low SEs of the estimate. Impedance values along with standard measurements of body length and body mass were selected for use in our stepwise regression analysis. Our results do not support the morph hypothesis and suggest that independent speciesspecific models should be derived to provide accurate estimates of total body fat (Unangst and Wunder 2001) . Equations furnished for striped skunks to estimate total body water, lean dry mass, and total body fat in raccoons (obtained from Hwang et al. 2005) performed substantially poorer than the models derived specifically for raccoons. Generally, these models overestimated total body fat. Striped skunks, based on direct chemical analysis, had fat stores that exceeded more than 50% of total body mass with total body fat exceeding 3 kg (Hwang et al. 2005) . In contrast, the maximum percentage of total body fat observed in raccoons was 30% of total body mass and rarely exceeded 3 kg. Differences in life history strategies, especially overwintering strategies and the ability to store and sequester fat, may explain why the skunk model performed poorly when compared to the species-specific model (Unangst and Merkley 2002) . In instances where it is impossible or difficult to validate an independent model, equations furnished by a similar morph likely provide more accurate estimates of body condition than the standard condition indices.
Body condition is a difficult parameter to estimate; however, conductive methods predict body condition and composition across a wide variety of taxa (Bowen et al. 1999; Farley and Robbins 1994; Hundertmark and Schwartz 2002; Hwang et al. 2005) . A move away from the use of morphometric indices would greatly increase the inference of ecological studies and would put to rest remaining uncertainties and criticisms (Green 2001; Hayes and Shonkwiler 2001) . In our study, bioelectrical impedance analysis provided quick, reliable, and accurate estimates of body condition, and its use in field studies should be promoted.
